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Fetal vascular malperfusion (FVM) is a recently introduced term established by the Amsterdam
International Consensus group of placental pathologists in 2015 to characterize a group of lesions previously described under the headings of fetal vascular obstructive lesions, fetal thrombotic vasculopathy, fetal vascular thrombi, and extensive avascular villi (1) (2) (3) . Related historical entities include hemorrhagic endovasculitis thrombosclerosing placentitis, and fibrinous vasculosis (4) (5) (6) . This change in terminology was instituted to parallel the nomenclature used for comparable lesions involving the maternal placental circulation, i.e. maternal vascular malperfusion (MVM).
MVM and FVM can each be separated into distinct but related patterns; partial obstruction of blood flow that affects the entire vascular bed (global partial), and complete obstruction of flow to one or more segments of the vasculature (segmental complete). In MVM, global partial obstruction of blood flow from abnormal spiral arteries leads to accelerated villous maturation while segmental, complete occlusion causes a villous infarct. By analogy, as discussed in more detail below, global partial obstruction of fetoplacental blood flow in FVM leads to small foci of ischemic villi and pressurerelated changes in large fetal vessels, while segmental, complete occlusion of a chorionic plate or stem vessel by a fetal thrombus leads to involutional changes in downstream vessels and large contiguous foci of ischemic villi. Also, as is true for MVM, global partial obstruction can either progress to or coexist with segmental, complete occlusion. Of note, once segmental FVM is recognized it is not necessary to make an additional diagnosis of global FVM.
A key finding supporting the concept of FVM is the strong association between potentially obstructive umbilical cord (UC) lesions and both thrombosis and ischemic villi in the placenta (7) (8) (9) (10) (11) . The prevailing current theory is that most cases of global partial FVM are secondary to chronic partial or recurrent intermittent obstruction of umbilical blood flow leading to umbilical venous obstruction, congestion, stasis, and focal ischemia involving the most distal portions of the villous tree (10) . While UC obstruction predominates, other processes such as hyperviscosity due to polycythemia, cardiac insufficiency, and fetal coagulopathy with platelet fibrin thrombi may also contribute in individual cases (12, 13) . Progression to segmental complete FVM occurs when occlusive thrombi form in large fetal vessels of the chorionic plate or stem villi.
Fetal vascular thrombi develop due to various combinations of three risk factors (Virchow's triad) -stasis, hypercoagulability, and endothelial or vessel wall damage. While stasis secondary to chronic partial intermittent UC obstruction is the predominant risk factor, the likelihood of thrombosis can be further increased by hypercoagulability due to either fetal coagulopathy (e.g. protein C or S deficiencies, factor V Leiden or MTHFR mutations) or maternal IgG antiphospholipid or antiplatelet antibodies that cross over into the fetal circulation (2, (14) (15) (16) . Common placental examples of the third risk factor in the triad, endothelial or vessel wall damage, are severe fetal inflammatory response in acute chorioamnionitis, stem vessel obliteration in chronic villitis, eosinophilic-T cell fetal vasculitis, and meconium associated myonecrosis (17) . However, these processes are generally classified separately under the headings of inflammatory or toxic lesions and will not be further discussed here. Whether other pathologic processes affecting the vessel wall, such as vascular maldevelopment or endothelial activation, also contribute to the formation of thrombi in FVM is an area for future investigation.
THE UC AT RISK CONCEPT
As discussed above, obstructed umbilical blood flow is the predominant risk factor for both types of FVM (Table 1) . Mechanisms include extrinsic pressure (e.g. UC entanglements, UC prolapse), intrinsic deformation (e.g. hypercoiling, torsion), and increased resistance to blood flow (e.g. excessive UC length).
In some cases the potentially obstructive anatomic lesion is unambiguous. Examples include (i) long and extremely long (>70 and >95 cm, respectively) UC, which reduce blood flow according to Poiseuille's law (e.g. a 1.59 increase in length causes a 33% decrease in flow) (9), (ii) true UC knots which are most concerning when the knot is tight and/or when changes in diameter, coloration, or vascular congestion are noted on either side of the knot (18) , and (iii) hypercoiled UC (excessively twisted, >4 coils per 10 cm) (8, 19) . Data suggests that the number of coils, grooves between the coils, and right (clockwise) coiling are particular risk factors for obstruction with hypercoiled UC (10, 20) . With extreme coiling, or sometimes in the absence of coiling, UC strictures (diameter <5 mm) may form (21, 22) .
In other cases the anatomic lesion places UC vessels at risk for torsion or compression in the latter stages of pregnancy or parturition. One subcategory would be UC with vessels that travel unprotected by Wharton's jelly. The most common example is marginal/membranous insertion of the umbilical cord, but loss of Wharton's jelly prior to insertion of the UC into the placental disc (furcate insertion) or exteriorization of UC vessels secondary to toxic exposures (e.g. prolonged meconium or gastric acid with intestinal atresia) may confer even greater risk (7, 10, (23) (24) (25) . A second subcategory would be UC at increased risk for vascular compression. Examples include a thin UC (<8 mm diameter) with a decrease in Wharton's jelly that increases the risk of extrinsic compression (26, 27) , and "tethering" of the UC to the chorionic plate by a fold of amnion (amnionic web) which restricts mobility and can lead to acute angulation and obstruction with fetal movements (28) .
Finally, there are cases in which the increased risk of UC obstruction is primarily inferred from the clinical history, and anatomic abnormalities are subtle or absent. UC entanglements such as nuchal or body cords, especially when tight or multiple, can lead to restricted blood flow (18, 29, 30) . Prolapse of the UC below the engaged head of the fetus or trapping of the UC along the body, especially in cases with reduced amniotic fluid volume (oligohydramnios) or a restrictive endometrial cavity (uterine malformations or submucosal leiomyomas) are other examples of potentially obstructing clinical conditions (29) .
While none of these situations are invariably associated with UC obstruction, their presence is strong evidence supporting a diagnosis of FVM, either global partial or segmental complete. Risk of FVM is especially great when more than one UC abnormality is identified in the same case (10) . Importantly, the pathologic combination of an UC at risk and histologic evidence of either global or segmental FVM has particular clinical relevance by providing a plausible explanation for an adverse outcome such as IUFD or CNS injury and by suggesting that it represents a sporadic process that is unlikely to recur in subsequent pregnancies.
THE CONSTELLATION OF FINDINGS CONCEPT
Most placental disease processes are not confined to or defined by a single pathologic lesion. A major breakthrough in placental pathology has been the concept of using "constellations" of findings to better define pathophysiological entities. Listing of all relevant lesions under a heading of "findings consistent with" can be used qualitatively in a diagnostic report or quantitatively as the basis for a numerical score for research purposes. The number and magnitude of relevant findings parallel level of confidence in the diagnosis and potential clinical relevance. An example of this approach, applied to the maternal circulation, would be "findings consistent with MVM" which might include decreased placental weight, thin umbilical cord, infarcts, accelerated villous maturation, decidual arteriopathy, and/or superficial implantation (26) . A quantitative MVM score based on these findings has been published (31) . The following sections will develop the list of relevant findings that support diagnoses of global, segmental, and high grade FVM.
FINDINGS CONSISTENT WITH GLOBAL PARTIAL FVM
Reduced perfusion and stasis within the villous circulation results in ischemic damage to its most distal elements -small clusters of terminal villi, often located near the basal plate (Table 2 ). This process of distal terminal villous ischemia can be compared with the first few leaves on a deciduous tree that change color in the early autumn. The initial phase of ischemic damage is necrosis and karyorrhexis of the fetal endothelium and fetal red blood cells leading to disruption of the capillary wall and spillage of necrotic cell fragments into the villous stroma, which itself also undergoes degenerative changes (Fig. 1A) . This process, known as villous stromalvascular karyorrhexis (VSK) reflects an insult of approximately 72 h or more in duration (3). Villi with VSK rapidly transition to a later phase of hyalinized avascular villi (AV) when all of the vessels disappear and the stroma becomes uniformly collagenized (Fig. 1B) . According to the Amsterdam classification small foci of VSK or AV are defined as >3 clusters of 2-4 affected villi (1) . Attributing a vascular etiology to small foci of AV is not reliable in cases with chronic villitis, either infectious or idiopathic, because inflammation can cause similar changes. Likewise, villi that are agglutinated, lack an intact trophoblast layer, are surrounded by fibrin, or are only seen next to a larger placental lesion (e.g. infarct or intervillous thrombus) are excluded, as these findings can be seen with MVM and other placental disease processes. Finally, involutional changes after IUFD include patchy areas of AV or villi with VSK alternating with more normal villi (32) . The key distinction in IUFD is the gradual transition from normal to VSK and AV. This is not seen with global FVM where the small foci are very distinct, possibly indicating that microthrombi in the live fetus constitute an intermediate stage leading to more sharply circumscribed regions of ischemic damage.
Physical deformation of the UC preferentially collapses the lower pressure, thinner walled, and larger umbilical vein relative to the arteries. Restriction of umbilical venous blood flow leads to congestion and increased venous pressure within the placenta. Increased pressure within chorionic plate and stem villous veins is associated with accumulation of fibrin (or fibrinoid matrix) within the vessel wall (recent intramural fibrin deposition, Fig. 1C)  (1, 3, 33, 34 ). With time, this fibrin(oid) material can become mineralized (remote intramural fibrin deposition, Fig. 1D ). Such lesions were previously known as intimal fibrin cushions (3, 33) . Care must be taken to distinguish intramural fibrin deposits from nonocclusive mural thrombi. This distinction may be problematic when remote thrombi are re-endothelialized and incorporated into the vessel wall. Projection of a lesion into the vascular lumen can provide a clue supporting a thrombotic origin in difficult cases. Another caveat is that rare placentas show diffuse intramural mineralization affecting multiple chorionic vessels without evidence of UC abnormalities or ischemic villi. In the experience of one author (RR), this finding is often associated with preeclampsia and, possibly, could be due to fetal endothelial damage by antiangiogenic factors (35) . Increased venous pressure can also lead to luminal dilation (vascular ectasia), defined by a pair of large fetal vessels in the chorionic plate or stem villi, one of which has a luminal diameter at least four times greater than its neighbor (Fig. 1E)  (1, 29, 36 ). The venous nature of this ectasia is clearly seen when the adjacent vessels are in the chorionic plate (artery crosses over vein) or when the umbilical vein shows marked dilatation relative to the arteries near the placental insertion site. Of note, this finding may not be reliable in placentas fixed in formalin prior to gross examination (personal observation, RR). Furthermore, while sometimes useful, we would recommend that this feature not be used alone to make a diagnosis of global partial FVM.
Finally, a single report documents an association of hypercoiled UC with delayed villous maturation (37) . Other studies describe villous edema as part of the spectrum of chronic venous obstruction and FVM (6, 38) . We have also observed that cases with an UC at risk and other findings consistent with global FVM often show a focal to patchy increase in stromal cellularity and edema of terminal villi, sometimes with decreased vasculosyncytial membranes (Fig. 1F) . One interpretation is that this may represent a very early stage of villous ischemia preceding VSK. Again, given their lack of specificity and somewhat subjective nature, we feel that, as for vascular ectasia, these findings alone should not be used to make a diagnosis of global FVM.
FINDINGS CONSISTENT WITH SEGMENTAL COMPLETE FVM
Segmental FVM is caused by the formation of occlusive vascular thrombi in chorionic plate or large stem villous vessels (Table 3) (1, 3, 39) . Because of the large size of the placenta, the relative lack of gross pathologic findings, and the consequent need for a representative sampling strategy, it is not possible to identify histologic thrombi in many cases of segmental complete FVM. However, diligent gross exam with sampling of areas of pale placental parenchyma (particularly evident after transient formalin fixation) and of large fetal vessels distended by blood can increase the yield to between 30-50% ( Fig. 2A) . Thrombi may be occlusive or mural and of differing ages, as indicated by compaction of red blood cells and adherence to endothelium (early, Fig. 2B ), lamination and change of staining properties (intermediate), or mineralization or incorporation into the vascular wall (remote, Fig. 2C ). Differentiation between arterial and venous origin is rarely possible, but observers that have pursued this question systematically have found most to be venous. The differential diagnosis of fetal vascular thrombi includes marked congestion without convincing evidence of clot adherence to endothelium or retraction (early formation of fibrin bands) within the thrombus, and intramural fibrin deposition as discussed above.
In view of the sampling issues described in the previous paragraph, the downstream consequences of thrombotic occlusion of the villous circulation become the primary criteria for diagnosis. While large contiguous fields of ischemic villi are the most common downstream consequence (see following paragraph), vessels sampled between the thrombus and distal villi also show diagnostic involutional changes, termed focal stem (or chorionic plate) vessel obliteration (SVO) in the Amsterdam classification (previously known as fibromuscular sclerosis) (1, 3) . Focal SVO is a specific indicator of coexisting fetal thrombi and may occasionally be the only lesion observed. The early stage of SVO is characterized by loss of the endothelial layer, large aggregates of degenerating fetal RBC, and bridging of the vascular lumen by strands or aggregates of proliferative loose myxoid fibroconnective tissue with entrapped fetal RBC fragments (Fig. 2D) . Later, this loose myxoid tissue becomes more densely collagenized, sometimes with persistence of a collar of residual small capillary vascular channels near the vessel wall that may represent attempts at recanalization. Eventually the entire vessel is replaced by a poorly delineated collagenous scar. The differential diagnosis of focal SVO includes tangentially cut large fetal vessels, eccentric foci of subendothelial loose connective tissue (subintimal cushions) normally protruding into the lumen of some large fetal veins, and the diffuse pattern of SVO seen due to vascular stasis in IUFD.
The most frequent and diagnostically useful indicators of fetal thrombosis and segmental complete FVM are large contiguous foci of ischemic villi originating from a single villous tree (2, 40). As described above for small foci of ischemic villi, these larger foci also progress from VSK to AV and the presence of both in the same placenta suggests multiple thrombi occurring at different times ( Fig. 2E and F , and (ii) iron deposition in the trophoblast basement membrane, which may reflect either lack of egress due to lack of fetal vessels or remnants of fetal red blood cells from preceding VSK (41) . It should be noted that because villous trees interdigitate within the placenta there may be some mixing of viable and nonviable villi within lesions. Large foci of avascular villi are by definition free from surrounding or additional stromal pathology. Lesions with collapse of villi, neutrophils, and ischemic trophoblast are villous infarcts. Lesions with surrounding fibrin, preservation of villous spacing, and disappearance of the trophoblast layer are perivillous fibrin plaques (Fig. 3A) . Lesions with coexisting villous inflammation represent chronic villitis, either idiopathic or infectious (Fig. 3B) . Cases in which foci of chronic villitis are small and distant from the large foci of AV or VSK can be difficult to classify and require the judgement of the pathologist to decide whether they represent vascular obliteration secondary to chronic villitis or chronic villitis and segmental FVM independently affecting the same placenta. Finally, segmental FVM is always difficult to separate from involutional changes developing secondary to IUFD and the two can coexist in the same placenta. The keys to correct diagnosis are identification of true vascular thrombi and/or the finding of sharply demarcated foci of ischemic villi that are clearly at a different stage of involution compared with the remaining placenta.
DEFINITION OF HIGH GRADE FVM (GLOBAL AND/OR SEGMENTAL)
Studies correlating placental pathology with adverse clinical outcomes, particularly cerebral palsy and neonatal encephalopathy, have demonstrated a clear increase in risk when the number of ischemic villi in FVM exceeds an average of 15 per slide (17, 42) . This association is independent of the presence or absence of thrombi or the size of the individual villous clusters and was the basis for the diagnosis of "fetal thrombotic vasculopathy" in the 2004 SPP classification system (3). Since the Amsterdam consensus has emphasized fetal vascular malperfusion rather than thrombosis as the primary pathophysiologic factor, it is now more appropriate to call this pattern high grade FVM with a qualifier indicating whether the pattern is purely global, purely segmental, or a mixture of both (1) . It has been suggested that high grade FVM should be restricted to cases with more than one thrombus and/or more than one focus of avascular villi (3, 39) .
COMMONLY COEXISTING PLACENTAL ABNORMALITIES
In addition to the pathophysiologically-related lesions already discussed, FVM of either pattern is often seen together with additional placental findings associated with intrauterine hypoxia of one or more days in duration (subacute hypoxia) (10, 42, 43) . These other findings include increased placental weight for gestational age, villous chorangiosis, increased circulating fetal nucleated red blood cells (average of more than one per 409 high power field), and evidence of prolonged meconium exposure (green stained umbilical cord, abundant pigment laden macrophages in chorionic plate, and/or meconium associated myonecrosis). Many studies have documented that clinical outcome is worse in cases with multiple placental abnormalities including FVM (reviewed in (44) ).
CLINICAL CORRELATIONS
A very recent population based study has associated Global FVM with neonatal encephalopathy (45) . Specifically, small foci of ischemic villi were seen in 20% of cases vs 7% of controls. Other elements of global FVM, such as vascular ectasia and intramural fibrin deposition, have been associated with UC entanglements, IUFD, and nonreassuring fetal heart rate (10, 29, 36, 46) . Findings specific for segmental FVM, including fetal thrombosis and large foci of ischemic villi, have been associated with IUFD, IUGR, oligohydramnios, chronic fetal monitoring abnormalities, neonatal coagulopathies (thrombocytopenia, thromboembolic disease), and fetal cardiac anomalies (2, 7, 47-49). As described above, high grade FVM (fetal thrombotic vasculopathy) has the highest rate of associated adverse outcomes, particularly CNS abnormalities (cerebral palsy, neonatal encephalopathy, perinatal stroke, intracranial hemorrhage) (17, 39, 43, 50, 51) . Less well established associations with placental FVM include maternal diabetes and a variety of fetal/neonatal abnormalities including necrotizing enterocolitis, congenital leukemia, neonatal alloimmune thrombocytopenia, gastroschisis, and non-cardiac congenital malformations (15, (52) (53) (54) (55) .
RECURRENCE RISKS
Global FVM with an associated UC at risk has a low recurrence risk. While a few reports of recurrence with hypercoiled UC and/or UC stricture have appeared in the literature, a larger twin study failed to show a genetic component (56) (57) (58) (59) . Nevertheless, a rare Mendelian defect cannot be excluded in some families (57) . Segmental FVM is associated with a small risk of inherited coagulopathies (14) . This risk is increased in cases with a history of maternal or neonatal thromboembolic disease. A modest recurrence risk would also be predicted for cases associated with maternal diabetes, antiphospholipid antibody syndrome, or antiplatelet antibodies, but this has not been documented.
CONCLUSIONS
In summary, the most important takeaway messages are as follows: 
